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BOUNDARY-LAYER ELECTRON PROFILES FOR ENTRY
OF A BLUNT SLENDER BODY AT HIGH ALTI'i‘UDE

By John S. Evans, Charles J. Schexnayder, Jr.,
and Paul W. Huber
Langley Research Center

SUMMARY

New calculations of boundary-layer electron concentration profiles for entry of a
blunt-nosed slender body into the earth's atmosphere are compared with previous calcula-
tions in which ambipolar diffusion was neglected. The old and new results agree in those
flight regimes where ambipolar diffusion is unimportant, but large differences are noted
in both peak electron concentration and profile shape at the higher altitudes, where diffu-
sion effects are greatest.

The new results are also compared with flight-measured profiles and with calculated
profiles for a viscous-shock-layer theory which was recently reported in the literature.
The boundary-layer results and the data agree in most respects. Differences which occur
between predicted results and the data in the outer parts of the profile are discussed in
terms of the effects of aerodynamic heating of the probes.

INTRODUCTION

A key factor in the prediction of onset and decay of radio blackout during entry into
a planetary atmosphere is the determination of the magnitude and distribution of electron
concentration (Ne> in the plasma layer over the entry vehicle. Over the past 10 years
considerable progress has been made in understanding and predicting ionized flow fields.
In the formula for success, an essential ingredient was the existence of flight-measured
data taken over a wide range of entry conditions and related to an analyzable flow field.
The RAM (Reentry Attenuation Measurement) project of the Langley Research Center con-
tributed much to both the theoretical and the experimental results. (See ref, 1.)

The importance of nonequilibrium chemistry and of boundary-layer effects was rec-
ognized early. (See ref. 2.) Because a complex chemistry system is necessary to cal-
culate trace species concentrations accurately, computation of chemical changes along
streamlines in a previously calculated frozen or equilibrium flow field proved to be satis-
factory and more economical than a complete flow field calculation with nonequilibrium



chemistry. (See ref. 3.) Except for minor displacement effects, the boundary layer has
little influence on Ng profiles for blunt-nosed bodies at the lower altitudes of interest,
since the entropy layer is relatively thick and the Ng maxima fall in the inviscid por-
tion.1 At higher altitudes, where boundary layers are no longer thin relative to the
entropy layer and often include the peak of the Ng profile, a method was devised for
following streamlines into the boundary layer. (See ref. 3.) By this means it was pos-
sible to continue to trace the evolution in time of species concentrations for some distance
into the boundary layer. This approach was useful but because ambipolar diffusion of
charged particles could not be included, the results are invalid above a threshold altitude.
(See ref. 1.)

In this paper the boundary-layer parts of the Ng profiles are calculated by means
of a laminar, finite-difference, nonequilibrium, multicomponent diffusion, boundary-layer
program (see ref. 4), and the results are compared with previously published profiles
obtained by following streamlines into the boundary layer. At the highest altitudes for
which measured Ng profiles are available from the RAM studies, boundary-layer theory
is not applicable because the mean free path for molecular collisions has become so large
that the entire shock layer is viscous. In a recent paper (ref. 5) these experimentally
measured profiles were compared with profiles calculated for nonequilibrium fully vis-
cous flow. Since the altitude ranges calculated by means of the two approaches (boundary
layer and fully viscous layer) overlap slightly, a comparison with that work is made here
also.

SYMBOLS
dy nose diameter of body or probe, cm
h static enthalpy, cm?2 sec-2
l distance between probe tip and thermocouple, cm
Ne electron concentration, cm-3
N; ion concentration, cm=3
p specific probe designated by subscripts in figure 10

1 Electron concentration in the boundary layer may be drastically increased by the
presence of easily ionizable substances in the material ablated from the heat protective
coating of the entry vehicle.
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e convective heat flux, W cm -2

R resistance, ohms

T temperature, K

t time, sec

u flow velocity, cm sec-1

w distance between side wall of probes and thermocouple, cm
X distance from nose along body axis, cm

y perpendicular distance from body surface, cm

o boundary-layer thickness, cm

] wedge half-angle of probe, deg

by parameter proportional to heat input to probe, arbitrary units
p gas density, g cm-3

¢ probe sweep angle, deg

Subscripts:

cr critical value

e entry

max maximum

DESCRIPTION OF CALCULATIONS

The RAM C entry body (see fig. 1) was a spherically blunted, 9° half-angle cone
with a nose diameter of 30.5 cm. Theoretical treatment of the inviscid flow field for this
body, and also of the method for following streamlines into the boundary layer, has been



documented in the literature. (See ref. 3.) Briefly, for given entry speed and altitude,

in an atmosphere of known composition, at zero angle of attack, an inviscid flow field
around a sphere-cone body was constructed from normalized plots of a large number of
inviscid flow field calculations. A laminar? boundary-layer program was used to find the
thermal properties of the flow field near the surface. The edge conditions were read from
profiles of the inviscid properties. Profiles of velocity and density in the boundary layer
were then used to determine positions of boundary-layer "streamlines" by mass balance,
and nonequilibrium chemical composition was determined along them.

This technique is satisfactory at altitudes low enough to insure that ambipolar dif-
fusion is negligible. In order to be able to calculate Ng profiles at higher altitudes,3
a finite-difference, laminar, nonequilibrium program for computing boundary-layer prop-
erties was acquired from Sandia Laboratories. (See ref. 4.) This program allows for
swallowing of inviscid streamlines by specification of the edge conditions. For the RAM C
body the vorticity interaction regime, where swallowing is important, lies between 53.4 km
and 70.1 km. (See ref. 6.) The wall boundary condition used was equilibrium composition
with specified wall temperature.

Some changes were necessary to adapt the program for the present analysis. These
were (1) reduction of storage requirement, (2) introduction of variable-step size keyed to
the magnitude of changes in chemical composition, (3) replacement of the thermodynamic
data,4 (4) replacement of the means for achieving conservation of elements, and (5) updat-
ing the chemical reaction model to include the latest rate constants. The rate constants
are given in table L

DISCUSSION OF RESULTS

In order to identify possible discrepancies between the two methods, concentration
profiles were compared for conditions where the effect of ambipolar diffusion was expected
to be negligible as well as for those where it was not. Ambipolar diffusion was not impor-
tant for the altitudes shown in figures 2(a) and 2(b), and the profiles agree well. Edge
values of Ng differ in these comparisons because different computed boundary-layer
thicknesses lead to different amounts of inviscid streamline swallowing. Also, the invis-
cid profiles are displaced by different amounts because of different computed values of
displacement thickness.

2 Evidence of transition to a turbulent boundary layer at an altitude of about 35 km
is cited in reference 1.

3 And also, to develop a capability to account for ionization in the boundary layer
caused by the presence of alkali metals in material ablated from the body surface.

4 The thermodynamic data replacement was to insure that thermodynamic properties
would be identical when the data are compared with previous work.




The profiles of figure 2(c) were computed for an altitude of 71.0 km, which is the
upper limit cited in reference 1 for neglect of ambipolar diffusion of the charged species.
Based on the present results, the upper limit for neglect of ambipolar diffusion is between
60 and 70 km.

Another indication of the onset of diffusion effects as the altitude increases is the
plots in figure 3 of calculated peak Ng against altitude.® The dashed lines show the
values calculated by means of the older technique of following streamlines into the bound-
ary layer. The solid lines are the later results. The rapid decrease in measured peak
Ne at high altitude seems to match the new curves better than the old ones.

Figure 4 shows a comparison between electron concentration profiles measured on
the RAM C-III flight and the corresponding profiles calculated by use of the boundary-layer
theory described. Lines representing upper limits for the magnitudes of the Ng profile
peaks as determined by the S-band diagnostic antenna (ref. 7) are also shown. One of
these lines is the peak value of Ng as measuredat x /dN = 2.3, the location of the diag-
nostic antenna. The other is the same peak value divided by 2 to adjust it to the x /dN =4
body station. (A factor of 2 reduction between these two stations is predicted by the
boundary-layer theory results.) The agreement in figure 4(a) between boundary-layer
theory and the experimental data points is good from the body surface out to a distance
of about 9 cm; beyond 10 cm the data points rise rather than fall as theory predicts. The
ionization currents collected by the outer probes at this altitude and lower altitudes are
believed to be masked by leakage currents in the insulators, which are increasingly
degraded by aerodynamic heating as the altitude decreases.

Leakage of the probe insulators due to heating was recognized and discussed in a
previous publication. (See ref. 8.) The leakage effects occur first at the outermost probe
and affect probes closer to the body surface as altitude decreases. A previously published
criterion for discarding probe data for some of the outermost probes was based on tem-
peratures measured in flight by thermocouples beneath the insulator surface. (See ref. 8.)
A later investigation based on surface heating effects is described in the appendix. This
later study indicates that the heating effects may have had an earlier onset and may have
involved more probe positions than was previously believed to be the case. The fixed-
bias probe positions believed to be affected are indicated in figure 4 by the solid symbols.
Note, however, that the symbols for swept-bias probe data in figure 4(b) at y = 6.5 cm
and y =9.5 cm are not solid, even though the fixed-bias data in this region are believed
to be suspect according to the criterion set forth in the appendix. The point at y = 6.5 cm
can be considered to be a borderline case, but the point at y = 9.5 cm is well within the
heating region for the fixed-bias probes.

5 All data in figures 3(a) and 3(b) are from RAM C-II, which had no alkali metal con-
tamination in the flow. The data in figure 3(c) are from RAM C-III, for which alkali con-
tamination effects were present but were negligible above 65 km.
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An analysis of RAM C-III data was performed by W. L. Jones of the Langley Flight
Instrumentation Division to determine the sensitivity of the swept-bias probe interpreta-
tion to resistive leakage currents. The results showed that the occurrence of significant
probe leakage was easy to distinguish because of the resulting distortion of the nonlinear
(diode -like) Langmuir probe current-voltage characteristic. Furthermore, since the ion
current "saturates' for negative bias larger than a few volts, the linear leakage current
produces a greater error at the -5 volt (fixed-bias probe) potential. The conclusions of
his analysis were (1) the error in Ng inferred from a swept-bias probe is about a factor
of 3 smaller than that for a fixed-bias probe, (2) maximum error in the N inferred
from a swept-bias probe before heating becomes apparent could be as large as a factor
of 4 increase over the correct value, and (3) leakage is significant (error exceeds a fac-
tor of 4) at the 9.5-cm swept-bias probe below 65.0-km altitude. These conclusions
are consistent with figure 5 which shows the altitude plots of Ng for both swept- and
fixed-bias probes and the profile peak Ng measured in the S-band diagnostic antenna
experiment. (See ref. 7.) The data from the outermost probe (fig. 5(d)) show a large
increase of Ng with decreasing altitude during the no-injection period near an altitude
of 65 km. The fact that such a large increase is not seen for the other three probes
along with the observation that Ng greatly exceeds the profile peak values measured
with the S-band diagnostic antennab strongly suggests the onset of heating. Because of
this observation, a factor of 4 error bar is placed on the value of Ng plotted at 9.5 cm
in figure 4(b).

Additional support for the hypothesis that fixed-bias probe heating is significant at
altitudes of 70 km and lower is present in the RAM C-III thermocouple records and the
RAM C-II and RAM C-III fixed-bias probe data. The RAM C-II probe data (see fig. 3)
continue to rise steeply at altitudes lower than 70 km, whereas the slower rise of the
RAM C-III data in the same region is attributed to cooling of the RAM C-III probes by the
liquid injected into the flow. (RAM C-II had no injection experiment.) To avoid confusion
between data collected under very different heating conditions, only RAM C-III data were

used for analysis of heating effects. The C-II data can be obtained from reference 8, 9,
or 10,

The agreement of the boundary-layer theory with the data in figure 4 is good when
one considers that because of probe heating effects, the values of Ng shown by the solid
symbols are higher than the correct values and that the difference increases with distance
from the body surface. The measured profiles are perhaps a few centimeters thicker
than the theory predicts, but when the approximations in the theory are considered, this
difference is not significant. Viscous-layer profiles from reference 5 are compared with

6 The S-band profile peaks were measured at x /dN = 2,3. Since the plasma was
expanding and recombining, it is reasonable to believe that the Ng peaks were even
lower at x/dy = 4.0. (The boundary-layer theory predicts a factor of 2 lower.)
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Langmuir probe data in figures 6 and 7. (Fig. 6 is from ref. 9.) Note that the fixed-bias
probe results in figure 7 are the same as those presented in reference 5 but that in order
to show trends in profile shape, the data have been presented in the form of points with
error bars? rather than as wide shaded bands. Also, swept-bias probe results presented
herein are the result of an improved analysis by one of the authors (W. L. Jones) of
reference 5.

At 83.8 and 80.8 km, the viscous shock layer curves from reference 5 agree well
with the data except near the shock, where the data do not support an upswing. At 76.2 km,
the data have the form of a wide, flat peak with definite indication of a fall-off of Ng in
the outer portion. Again, there is no support for an upswing. Some indication of an
apparent upswing is visible at 71.0 km, but the points responsible have already been ques-
tioned as being too high because of probe heating. The criteria used to decide when heat-
ing may be important are discussed in the appendix, where it is also demonstrated by
sample calculations that an upswing of the outer part of a profile is precisely what one
would expect in the initial heating phase.

The 71.0-km probe data of figure 7 also appear in figure 4(a), where they are com-
pared with the profile calculated from boundary-layer theory. (Recall that the boundary-
layer theory profile probably should be a few centimeters thicker.) Three additional
fixed-bias probe points measured at 70.1 km are shown in this figure because they offer
support for the idea that the outer probes are affected by heating. (The other points on
the profile at 70.1 km were omitted because they were practically identical with those for
71.0 km.,)

The "instantaneous'8 experimental profiles in figure 6 (taken directly from ref. 9)
are better suited to illustrate the peaked shapes of the Ng profiles than are the time-
averaged data (subject to body-motion uncertainty) in figure 7. These data are read at a
given instant in time so that, relative to each other, each point is subject only to instru-
ment error, which is on the order of +20 percent. Therefore, the shape of the profile is
well determined even though there is a bias of larger uncertainty (up to a factor of 2) when
identifying the profiles with a given angle of attack. Because of a lack of high-altitude
acceleration data, the angles of attack are not known for the curves in figure 6. (The angle
of attack probably did not exceed 5°. See ref. 11.) According to reference 12, angle of
attack does not alter the general shape of the profile, but changes only the peak value of
Ne and the profile thickness.

Further support for believing that the distribution of electrons in the shock layer
is more like that predicted by the boundary-layer theory than that predicted by the

TIn laboratory calibrations the probe readings were good to +20 percent. The error
bars represent local extremes of fluctuations caused by body motions — principally angle
of attack, The data points in figure 7 are time averages during the no-injection periods.

8 Each profile was obtained in approximately 27 msec.



viscous-layer theory of reference 5 is obtained by examining the theoretical and experi-
mental (ref. 7) S-band attenuation results in figure 8. The electromagnetic wave attenua-
tion was calculated for the S-band antenna by using a near-field analysis (ref. 13) and the
Ne profiles from both the viscous-layer and the boundary-layer theories. Both range
and pattern effects have been taken out of the experimental data, so that it presumably
represents only attenuation caused by the plasma. Although both calculated attenuation
results are high relative to that observed, the curve based on the viscous-layer profiles
is much higher than the one based on the boundary-layer profiles. The boundary-layer
theory would predict the start of attenuation at an altitude closer to the experimentally
observed beginning of attenuation than the viscous-layer theory would. A parametric
study by C. T. Swift of the Langley Flight Instrumentation Division established the sensi-
tivity of the S-band attenuation to scaling9 the Ng profiles. His results showed that the
observed attenuation would be predicted by the boundary-layer N, profiles if their peaks
were decreased in magnitude by a factor of about 2; whereas for the viscous-layer theory,
the peak Ng (at the edge of the shock) had to be reduced by a factor of 3% to 4 to match
the observed attenuation.

Measured S-band antenna admittance is compared with calculated admittances
(refs. 13 and 14) for both theoretical profiles in figure 9. The boundary-layer profiles
give values closer to experiment, but neither set of profiles is completely consistent with
the simuitaneous admittance and attenuation measurements for RAM C-II even when both
are scaled.

Another question can be raised about the viscous -layer theory results from refer-
ence 5. Although reasonably good correlation with the flight data at the rear of the vehicle
was obtained, the theory overpredicted Ng values measured by microwave reflectom-
eters on RAM C-II at the more forward body stations (x /dN =0.15 and x /dN = 0.'76) by
factors as large as 20. Over the altitude range (71 km and lower) appropriate for the
boundary-layer theory, agreement of results from boundary-layer theory with results
from reflectometer measurements is obtained at all body stations, as can be seen in fig-
ures 3(a) and 3(b).

CONCLUDING REMARKS

A comprehensive theoretical method was employed to confirm previous studies that
indicated the need to include ambipolar diffusion in boundary-layer calculations of Ng
profiles for RAM-C vehicles above an altitude of about 65 km. For these flights the com-
parison of theory and flight data indicates that the transition from fully viscous-shock-
layer flow to boundary-layer flow takes place at no lower than 70-km altitude. Based on

9 profile shapes were preserved as the peak Ne was varied over a range which
included values above and below (Ne) er
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calculated surface heating variation for the Langmuir probes, results indicate that some
of the probe insulators may have been affected by heating in such a way as to change the
character of the measured Nge profiles at the lower altitudes. Satisfactory agreement
between measured and boundary-layer calculated Ng profiles is obtained when the probe
results that are considered to be questionable by the criteria developed here are deleted.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., June 18, 1973.



APPENDIX
ELECTRICAL LEAKAGE IN THE LANGMUIR PROBES

All three of the RAM C flights used Langmuir probe rakes which measured the ion
saturation current!0 flowing from the plasma into the probes for a fixed negative bias of
5 volts. Each probe was in series with a 400-ohm load resistor and all the probes of a
given rake were simultaneously biased, the reference electrode serving as the common
positive electrode. The physical and electrical characteristics of the probes, as well as
the tests made to establish these characteristics, are described in detail in reference 9.
Less detailed descriptions are found in references 8 and 10,

There are two types of electrical leakage which can alter the current flowing through
the load resistors and hence lead to false indication of the actual plasma current flow.
First, leakage can occur along the surface of the BeO dielectric material at the leading
edge of the probe rake between adjacent probes if the heating of the leading edge is suffi-
cient to lower its surface resistance significantly. Second, leakage current can flow along
the BeO surface between any probe and the reference electrode. This type might not occur
quite as early in the entry as the probe-probe leakage, since the surface of the rake wedge
is inclined at a more oblique angle to the flow than the leading edge is. On the other hand,
the probe circuitry is much more sensitive to the latter type leakage than to the probe-
probe type, as can be seen from figure 10 where the effects caused by both types of leak-
age are illustrated for a fixed-bias Langmuir probe circuit with four simultaneously biased
probes. The curve drawn through the circles represents the outer part of an assumed
profile where there is no leakage occurring. This shape is similar to the outer part of the
theoretical profiles. The equivalent plasma resistances for the assumed profile are taken
from reference 9 and are shown in the circuit diagram in the figure. For the case of
probe-probe leakage amounting to a dead short between the outer two probes (curve drawn
through the squares) it is seen that the outer profile is raised slightly but is still much
lower than the peak Nj value of 1011 ¢cm-3. The other two curves are for cases where
probe-reference electrode leakage is occurring through a 25-kQ leakage path. One of
these cases includes some probe-probe leakage as well (diamonds, R4 = 1000 ohms),
but the upswing in the outer profile is due to the probe-reference electrode leakage in both
cases. Since heating of the probes will be shown to increase with distance from the body
surface, this upswing trend would be expected to continue if more probes were included in
the analysis. In summary, figure 10 shows that surface leakage effects can account for
changes in apparent Nj profile shape from a steep fall-off in the outer part to an upswing
above the inner peak. The curve represented by the diamonds (with both types of leakage)

10 Under the assumption that Nj = Ne in the plasma, measurement of N; is
equivalent to measurement of Neg.
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APPENDIX - Continued

is probably the most reasonable one since the leading-edge BeO surface should be hotter
than the wedge surface, and the path length between probes is shorter than the path from
probe to reference electrode and, as a result, Rj< Rg. (The values of leakage resis-
tance used in this simulation are not necessarily representative of those which occurred
during the flight.)

In view of this discussion, let us now consider the RAM-C Langmuir probe data as
compared with expected trends established by theoretically predicted profiles. Below an
altitude of 71 km, the boundary layer is not expected to fill the shock layer, even at the
nose of the vehicle, according to the nonequilibrium boundary-layer vorticity interaction
theory used herein. Conceptual arguments further imply that the boundary layer will not
fill the shock layer at the Langmuir probe station at altitudes even higher than 71 km
because of boundary-layer breakaway. The theory also predicts that a peaked N; profile
is to be expected at this station, and that the peak moves toward the surface and increases
in magnitude as the altitude decreases from the 71 km, or higher, initial case. By looking
at figures 4, 6, and 7, one can see that this trend is indeed observed on RAM C-III until
the altitude decreases to 70.1 km, where the outer portion of the ion profile begins rising
to values greater than the inner peak. At still lower altitudes (65.2 and 61.6 km), the peak
continues to move in and to rise, but the N; values measured in the outer portion also
move in and rise still more.

This qualitative result suggests that heating effects, most likely probe-reference
electrode leakage, are beginning to affect the currents collected at the outer probes at
about 71 km, and that they increase in magnitude and move closer to the surface as the
altitude decreases. Estimates of probe heating qualitatively verify this behavior, although
quantitative estimates are uncertain because of the large degree of chemical nonequilib-
rium, the transitional nature of the fluid dynamical regime, and the uncertainty of BeO
surface catalycity for these conditions.

If one assumes that continuum fluid dynamics governs the flow near the probe rake,
then the convective heat flux at the tip of the rake varies as (ref. 15)

g, « (p /dN)l/ 2(2uh +ud) (A1)

where h=Z ajhj, aj isthe mass fraction, and h; is the heat content of species i

due to thermal motions. The 2uh term allows for the high enthalpy, relatively low Mach
number, nature of the shock layer flow, and for the assumption that the energy in dissoci-
ation will not be available to heat the probe because of the short compression time at the
tip. This relation can be applied to the swept cylinder case herein, since only the relative
change in heating along the rake is being considered.

11



APPENDIX - Continued

The continuum -flow assumption is more appropriate for the altitude range where
heating is critical, since the rake tip diameter is greater than the neutral-neutral mean
free path in the plasma ahead of the outer RAM C-III probes at 71.0 km and is greater
for all the probes at 65.2 km and lower. If free molecular flow were assumed, the only
difference would be that density would appear to the first power rather than to the one-
half power.

By using the nonequilibrium flow field results described herein, expression (Al) was
evaluated at all the Langmuir probe positions over a range of altitudes from 71.0 km to
61.0 km; viscous shock layer values (ref. 5) were used for the higher altitudes. By inte-
grating the results at each Langmuir probe station over the reentry time to given alti-
tudes, the quantity

t
X = p1/2(2uh + u3>dt (A2)
te

was obtained; this quantity is proportional to the total leading-edge heat input. The vari-
ation of X with altitude and probe position is shown in figure 11, which illustrates rela-
tive heating effects on the different probes of the RAM C rakes as a function of altitude.

If it is assumed that the effects of leakage due to heating are first manifested at an altitude
of 70.1 km and at about y =9 or 10 cm (see figs. 4 and 7), then one can predict which
probes will be affected by heating at other altitudes by using the same value of X in fig-
ure 11, A critical value of ) can also be assigned for the RAM C-I and C-II flights by
using the relation

] cos b= _mp (dN)C-I,H
NI s e T @)y

(A3)

which accounts for the difference in tip diameter and sweep angle of the rakes. This value
of A is 15 percent higher (that is, lower heat load) than the value for RAM C-III, and it
is also shownl! in figure 11. The pertinent data (ref. 9) for the different RAM C rakes
are given in table II and figures 1 and 12. The thermocouple rakes and Langmuir probe
rakes were physically identical in a given flight except that thermocouples were embedded
in the BeO insulator in contrast to the probe electrodes which protruded through the lead-
ing edge. The filled symbols in figures 4 and 7 represent those fixed-bias data for which
A is higher than the critical value in figure 11,

1111 the context of probe heating relative to that for RAM C-III this value of A
would only apply to RAM C-1. The value of X for RAM C-II is probably lower (higher
heat load), since there was no material injection to cool the probe as there was on
RAM C-I and C-III. (See fig. 3 and discussion in text.)

12




APPENDIX - Concluded

Although this approach is useful in estimating the probe heating variation with alti-
tude and distance from the vehicle surface, a more direct approach would be an experi-
mental correlation of measured leakage resistance with thermocouple readings under
simulated reentry conditions. Some tests of this nature were made (ref. 9), but because
of test constraints and later changes in thermocouple and rake geometry, quantitative
application to the RAM C flights cannot be made. For example, the stagnation tempera-
ture of the tunnel was below the melting temperature of the BeO, although reentry stag-
nation temperatures are much higher than the melt temperature (Tmelt = 2600 K) Also,
the tests were limited to a duration of less than 3 seconds, even though the thermocouple
temperature was still rising significantly at the test termination (Tmax =~ 950 K) Most
important, however, is the fact that the measured thermocouple temperatures must always
be much smaller than the leading-edge surface temperatures, and, unfortunately, this dif-
ference is greatest for the RAM C-III rake where, because of the rake's longer extension
and lower sweep angle, the heating effects are largest. The problem in all three cases
is that the embedded thermocouple is closer to the wedge surface than it is to the leading
edge. (See fig. 12 and table II.) Also, for C-III the thermocouple is considerably farther
from the leading edge and the wedge angle is much smaller than it is for the RAM C-L
(The wedge surfaces are, of course, much cooler than the leading edge.) Both of these
factors significantly increase AT between the thermocouple and the leading edge for
C-III as compared with C-I (which the tunnel test configuration most closely resembles).
This difference appears to be experimentally confirmed by the flight data (ref. 9), where
the measured C-III thermocouple temperatures are much lower than those of C-I for given
altitude and distance from the vehicle surface, in spite of the fact that the leading-edge
heating for C-III is about 15 percent higher.

This discussion leads us to conclude that Langmuir probe current leakage due to
heating could have affected some of the RAM C measured ion profiles. Leakage between
probes and the reference electrode appears to be the most serious type, even though
probe-probe leakage resistance values are lower. A consistent and meaningful correla-
tion of the flight data with theoretical flow field concepts is obtained by restricting com-
parison to probes for which A is within the critical boundaries shown in figure 11. It
is also suggested that the critical thermocouple temperature criterion of 1366 K used by
Jones (ref. 9) in interpreting the RAM C data was too high. On the basis of the criterion
illustrated in figure 11, the critical thermocouple temperature is between 533 K and 811 K
for RAM C-III and around 811 K for RAM C-1,
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TABLE II.- PERTINENT DIMENSIONS OF RAM C RAKES

RAM C-1
Rake sweepback angle, ¢, deg . . . . .. .. .. 45
Wedge half-angle, ,deg. .. .. ... ..... 30
BeO leading-edge diameter, dy,cm. . ... .. 0.088
Thermocouple, embedded depth
From leading edge, l,cm . ... .. ... .. 0.051
From wedge surface, w,em. ... ... ... 0.046

RAM C-II
45
30
0.088

0.081
0.061

RAM C-II

30
15
0.099

0.094
0.058
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lectrostatic ion-probe rake

RAM C-1

Thermocouple probe rake o
3 thermocouples Electrostatic ion-probe rake

! 8 probes
y=7 cm

RAM C-11

Microwave-reflectometer
antennas Electrostatic ion-probe rake
16 probes y=14 cm

Thermocouple probe rake
\ 3 thermocouples

S-band antenna

RAM C-I1I

Thermocouple probe rake
6 thermocouples
Electrostatic swept-bias probe rake
4 probes

Figure 1.- RAM C-I, C-II, and C-III configurations.
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Figure 2.- Comparison of computed Ng profiles at x /dN =4 from nonequilibrium,

multicomponent diffusion program (curve A) with those from the streamline method
(curve B). ‘
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Figure 2.- Continued.
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L Calculated with diffusion
| —=—— Streamline method
+—  Reflectometer data
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2 .76
3 2.3
1014 a4 |35
4
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\
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1012 I 1
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Altitude, km

(a) Compared with experimental values in nose region of RAM C-II. (Subscripts on
X-band reflectometers refer to station numbers.)

Figure 3.- Variation of peak N with altitude.
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Calculated with diffusion
—————— Streamline method
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Altitude, km

(b) Compared with experimental values on afterbody of RAM C-II. (Subscripts on
X-, S-, and L-band reflectometers refer to station numbers.)

Figure 3.- Continued.
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(c) Compared with experimental values on afterbody of RAM C-III.
Figure 3.- Concluded.
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(a) 71.0 km.

Figure 4.~ Comparison of Ng profiles for RAM C-III measured at x /dN =4 with
profiles calculated from boundary-layer theory. (Solid symbols show data which,
by the criteria, are affected by probe heating.)
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Figure 4.- Concluded.
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- angle of attack of 0°; 76.2 km
o 75.4 km
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Figure 6.- RAM C-III electron density profiles for different angles of attack.
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Figure 7.- Profile shape comparison for RAM C-III at x/dN =4 with fully viscous-

shock-layer theory. (Solid symbols show data which, by the criteria, are affected
by probe heating.)
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Figure 8.- Experimental and calculated attenuation for S-band antenna at x /dN =2.3
on RAM C-III.
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Figure 9.~ Variation in admittance of S-band antenna as a function of peak Ng for
(a) Ng profiles from reference 5 and (b) Ng profiles from this paper.
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Figure 10.- Effects of surface leakage on outer Langmuir probe profiles for
simultaneous bias.
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Figure 11.- Calculated relative heat input to probe rakes.
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Figure 12.- RAM C thermocouple rakes.
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